The tubular cathode bodies of a direct ethanol fuel cell (DEFC) are shaped by the gelcasting technology and the tubular cathode is prepared by spraying the diffusion layer and the Pt/C catalyst layer after the sintering process based on raw material of mesocarbon microbead (MCMB) and graphite. The process of mass transfer in DEFC is simulated using CFD software including the concentration of oxygen, liquid water saturation inside the tubular cathode and the cell performance under different operating temperature, inlet pressure and porosity. The results show that proper increase in operating temperature and porosity have obvious improvements on mass transfer process and the cell performance, while inlet pressure has little impact on cell performance.
Introduction
Direct ethanol fuel cell (DEFC) has been regarded as an attractive portable power source with high energy density, environmental friendliness and convenience. 1, 2 At present, DEFC is mainly based on the flat structure, whose disadvantages are obvious such as high size and weight block industrialization, difficult installation, sealing and maintenance, inconvenient management of water and heat, high costs and so on. Therefore, the experimental investigations for DEFC have attracted wide attentions in recent years. L. R. Chetty 3 presented a reticulated anode to enhance catalytic activity for direct ethanol fuel cell. Y. Takeuchi 4 applied a patent for preparation of DEFC with MEA structure and method. Maher A. R. Sadiq AlBaghdadi 5 studied the influence of material parameters on the performance of PEM fuel cell. Shao [6] [7] [8] used reticular titanium tube to prepare the tubular cathode.
Recently, the simulation investigation is primarily based on direct methanol fuel cell (DMFC) and flat structure. The effect of design of cathode channel on DMFC under ambient pressure was simulated and verified by V. B. Oliveiraa. 9 Wang 10 used parallel electrode reaction to describe methanol oxidation reaction and oxygen reduction reaction in cathode catalyst layer of DMFC model. Bladimir Ramos-Alvarado 11 used unbalanced two-phase method to put forward one-dimensional model and two-dimensional model for cathode. Huang 12, 13 used micro fluid mechanics to establish mathematical model of cathode in micro fuel cell. Moreover, early models are primarily based on single-phase assumption. Maddirala 14 and Karimi 15 used one-dimensional for cathode catalyst layer, diffusion layer, gas channel and mass transfer law in proton exchange membrane of PEMFC respectively. Baxter 16 developed a one-dimensional anode model and focused on the electrochemical reactions and mass transfer in anode catalyst layer. However, because the single-phase model cannot objectively reflect the twophase mass transfer process, the two-phase models have been reported such as the research results of Chen 17 and He 18 about twodimensional two-phase model for DMFC.
Up to date, the investigation report about the two-dimensional two-phase model with mass transfer for special-shaped direct ethanol fuel cell has not been reported. However, the mass transfer process of water and oxygen is crucial for passive DEFC, so it is necessary to take account of the water and oxygen transfer effects in this new type of fuel cell. In this work, a two-dimensional two-phase model for tubular cathode in DEFC is developed, and oxygen volume fraction and liquid water saturation along the cathode catalytic layer under different conditions are simulated to study the influence of mass transfer process on cell performance.
Main nomenclature used in simulation process is shown in Table 1 .
Experiment
In Fig. 1 , a DEFC is made up of anode flow channel, anode diffusion layer, anode catalyst layer, proton exchange membrane, cathode catalyst layer, cathode diffusion layer and cathode flow channel. Figure 1(a) shows the assembly parts of DEFC, including cathode tube and anode tube. Figure 1 (b) presents the schematic diagram of three-dimensional model of DEFC assembly. While the main chemical reaction of tubular DEFC takes place in catalyst layer, which is assumed as the contact surface between diffusion layer and exchange membrane. Figure 1(c) is specific computational domain of model on the basis of three-dimensional model which consist cathode and anode gas flow fields. Geometry size of DEFC is described in Table 2 .
The schematic diagram of tubular cathode consisting of the diffusion layer, the catalyst layer, the supporting body (MCMB sintered) and the gas channel is shown in Fig. 2 . Using different material and chemical, the experimental process in preparation of tubular electrode was described in our previous works. 
Model assumption
(1) Gravity effects are negligible. Gases such as oxygen, nitrogen, water vapor, carbon dioxide are regarded as ideal gas, and flow is assumed to be laminar and fluid is incompressible. (2) A constant temperature and a steady-state conditions are considered, where liquid substances (ethanol and water) are Newtonian fluid and the ethanol is completely oxidized, with no gas flux and sufficient water in the proton exchange membrane and effects of carbon dioxide are ignored. (3) All the electrochemical reaction involved are in catalytic layer and no reaction in the exchange membrane, porous diffusion layer and the flow field. (4) Diffusion layer, catalyst layer conductivity and porosity are homogeneous and isotropic. Catalyst layer is the contact surface between diffusion layer and proton exchange membrane, and contact potential of any two part of cell can be negligible.
Numerical investigation
In present work, secondary current distribution, Darcy law and thick material transfer were established as analysis model, which included temperature and absolute pressure. In initial conditions, velocity and concentration of ethanol solutions in anodic inlet were fixed, while the cathode temperature, the inlet pressure and the diffusion layer porosity were variable.
The parameter values can be seen in Table 3 .
Governing equation 2.3.1 The transport of components at the cathode
In gas channels, N-S equation of steady state is used in simulation including continuity equation, mass conservation equation, and momentum equation. The continuity equation for the gas phase inside the channel is:
For the liquid phase inside the channel is:
The Momentum equation of substances with gas-liquid twophase in gas flow channel is: Electrochemistry, 83(11), 962-968 (2015)
And r Á ðμ
Different forms of substances with multi-component are engaged in chemical reaction, multiphase flow expression of compounds i and j is:
Where i is oxygen at cathode side, and j is ethanol and water vapor. By mole fraction content of oxygen and water vapor, molar fraction of nitrogen is calculated as follows:
Multi-component diffusion in porous cathode transmission layer can be calculated by Maxwell equation:
2.3.2 The transport of components at the anode In anode gas channel, flow of ethanol and water are obtained by N-S equation:
Where ® is dynamic viscosity of ethanol water solution. Flow in PTL is based on Darcy's law:
Convection diffusion equation for simulation is:
Electrode reaction
According to Ye 25 and Kulikovsky, 26 normal cell reactions are:
Cathode:
Electrolytic cell reactions are:
Cathode: 
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Where D mem Ethanol rc is the amount of diffusion.
Calculation scheme
The calculation scheme in simulation is shown in Table 4 .
Model validation
For the validation of the numerical model, the operating temperature, inlet pressure and porosity were set at 30°C, 1.5 bar and 0.5 respectively. In Fig. 3 , it shows the simulated and experimental voltage curves for the different cases. It is figured out that the general trends of them are consistent and the simulation value is slightly higher than experimental one. Moreover, ohmic losses are mainly manifested in simulation and experimental value has high over-potential, obvious polarization loss and concentration loss.
Results and Discussion

Oxygen volume fraction
Figure 4(a) shows the variation diagram of oxygen volume from inlet to outlet in cathode tube under different temperature, and three different operating temperature (15°C, 30°C and 45°C) are involved. It is found that from the inlet to the outlet under each operating temperature, oxygen is consumed, and oxygen concentrations decrease gradually, as well as lower oxygen concentration from center of cathode tube to the electrode layer area. The reason is that oxygen is deoxidized in catalyst layer, so the oxygen volume is lowest in the area near the catalyst layer. Meanwhile, there exists a rapid decrease in oxygen concentration of cathode tube with the increment of temperature. The one reason is the increment of temperature accelerates reaction rate, which can quicken the oxygen consumption. Secondly, temperature increment produces more water in cathode catalyst layer, and a boundary layer is formed when the water vapor concentration in catalyst layer approaches saturation which blocks oxygen reactions, then oxygen concentration decreases as well. Saturation pressures of water vapor increase with the increment of temperature, which further reduces oxygen volume fraction in channel. Figure 4 (b) presents the variation diagram of oxygen volume under different inlet pressure. It can be seen that with the increase of cathode inlet pressure, inlet initial oxygen concentration obviously increases, and oxygen concentration in the cathode tube rapidly rises. But in the outlet, the greater the pressure is, the smaller the change rate of oxygen concentration becomes. This is because high pressure increases gas diffusion rate, and more oxygen reacts in catalyst layer. At the case of 1.0 bar, the oxygen concentration is low and gas diffusion is slow, but gas diffusion is accelerated and more Electrochemistry, 83(11), 962-968 (2015) oxygen reacts when pressure rises to 1.5 bar. Reversely as is shown at the case of 2.0 bar, excess pressure increases velocity of flow from the inlet to outlet so that large quantities of air not involved in the reaction is discharged which decreases the change rate of oxygen concentration. So the appropriate increment of pressure is beneficial for the cell performance. In Fig. 4(c) , three different porosities (0.4, 0.5 and 0.6) are considered. The result shows that more oxygen diffuses to catalyst layer with the increase of porosity. Meanwhile, the oxygen content is significantly reduced from the inlet to outlet, and the higher the porosity is, the greater the change rate of oxygen concentration is. The reason is that the increment of porosity decreases the gas resistance in diffusion layer, which easily diffuses oxygen to catalyst layer under the same inlet pressure. On the other hand, when porosity increases, water generated in catalyst layer is easy to be discharged which reduces resistance of oxygen in reaction. It obviously explains the higher the porosity is, the greater the change rate of oxygen concentration becomes.
Liquid water saturation
Figure 5(a) shows liquid water saturation along the cathode catalytic layer under different temperature. The results show that liquid water saturation increases gradually from the inlet to the outlet, because oxygen is deoxidized to water and liquid water at the Electrochemistry, 83 (11), 962-968 (2015) anode is diffused to cathode gas channel through membrane, and a part of water in catalyst layer is discharged by gas flow from the outlet. As a result, liquid water saturation at outlet is in the highest level. However, saturation increases at outlet with the decrease of temperature, and the reason is that saturation pressure of water vapor decreases when temperature falls, meanwhile, more water vapor is condensed into liquid water, and gas diffusion rate reduces which slows the discharge rate of liquid water, then water gathers at the outlet finally. Figure 5 (b) presents the impact of pressure on liquid water saturation. It can be seen that liquid water saturation increases with the increase of inlet pressure. It is due to the increase of gas diffusion rate, the oxygen concentration in the catalyst layer and the number of oxygen in reaction, which produce a large amount of liquid water.
At the same time, the water vapor is easy to be liquefied when pressure increases, so more water accumulates in catalyst layer.
Results presented in Fig. 5(c) are the porosity in the case of 0.4, 0.5 and 0.6. By analyzing the figure, it is found that liquid water saturation decreases along with the increase in porosity, because water reacted from electrochemical catalytic reaction and infiltration from anode to cathode by electric drag is more likely to be discharged through porosity in diffusion layer, which accumulates little liquid water in catalyst layer. So the liquid water saturation along the cathode catalyst layer at outlet decreases instead when porosity increases.
Cell performance
In order to estimate cell performance, the model for proton exchange membrane fuel cell can be used to calculate relationship between potential and current density, but the permeation of ethanol is not considered. Figure 6 (a) represents the relationships between potential and current density under different cell temperature. It can be seen that fuel cell performance is enhanced because of the increasing reaction rate of ethanol oxidation and oxygen reduction in the higher temperature. When the temperature is changed from 15°C to 45°C, ethanol diffusion phenomenon is obvious and more ethanol is reacted with sufficient oxygen in catalyst layer. Simultaneously temperature promotes the ability of proton exchange membrane to conduct hydrogen ions, which improves current density and cell performance. In general, the elevated temperature can not only increase the electron transfer rate in the cell, but also improve the conduction velocity of proton in the membrane. Figure 6 (b) shows the effect of inlet pressure. When inlet pressure increases, the cell performance is improved. Because the pressure can increase oxygen concentration, 27 it accelerates the rate of mass transfer and oxygen reduction in the cathode at the same time. However, due to the limits of complicated reaction process and the little variation of oxygen reaching the catalyst layer in the same porosity, inlet pressure has a little effect on cell performance.
As shown in Fig. 6(c) , cell potential and current density are greatly influenced by different porosities in the case of 0.4, 0.5 and 0.6. When diffusion layer porosity increases from 0.4 to 0.6, cell performance is significantly improved. It is because diffusion resistance diminishes in diffusion layer, more oxygen reaches the catalyst layer. Meanwhile, high porosity decreases concentration polarization of fuel cell and increases the ultimate current density as well.
Conclusion
In this work, the process of mass transfer in DEFC is simulated including the concentration of oxygen, liquid water saturation inside the tubular cathode and the performance of fuel cell under different operating conditions. The conclusions can be summarized as follows:
(1) With the increase of cell's temperature, oxygen content from the inlet to outlet decreases rapidly. Moreover liquid water saturation in catalyst layer decreases as well and cell performance is improved significantly. (2) Inlet pressure plays a small role in cell performance. Oxygen concentration from the inlet to outlet increases significantly, but the change rate of oxygen concentration is not obvious. The liquid water saturation in catalyst layer increases. (3) When porosity increases, the amount of oxygen in reaction in catalytic layer increases clearly, the oxygen content is reduced from the inlet to outlet and liquid water saturation decreases. The cell performance can be improved greatly by increasing porosity, and the higher the porosity is, the greater the change rate of oxygen concentration becomes. Electrochemistry, 83(11), 962-968 (2015) 
